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a b s t r a c t
A Reverse Monte Carlo (RMC) model for the quantiﬁcation of the crystalline texture in ferroelec-
tric/ferroelastic ceramics based on polarized Raman spectroscopy (PRS) measurements has been
developed and compared with analytical ﬁtting approaches. We demonstrate, also by validation with
PRS experiments on ferroelectric samples with different texture degrees, that the RMC model is more
effective in reproducing physical features, including the saturated domain state. The versatility of the
RMC model opens new possibilities for texture studies by PRS, and can be in principle applied to any kind
of Raman-active material.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Texture in ceramic materials can be tailored to improve both
mechanical and functional properties [1,2]. In ferroelectric ceram-
ics, a form of texturing can be associated with the preferred
orientationof polarized regions, called ferroelectric domains. These
are induced by spontaneous polarization, and can be altered by
electric ﬁeld (poling), mechanical stress and/or temperature by
domain switching. This affects the remanent states and lastly the
piezoelectric properties of the material [3]. A material commonly
used for sensor and actuator applications - where the performance
is related to thedegree of domain texture—is lead zirconate titanate
(PZT) [3]. Domain switching is always constrained by the orienta-
tion of the grains in which they are contained. Thus, if the grains
are initially randomly oriented, there is a limit on the achievable
domain orientation [4,5]. Consequently, the electro-mechanical
coupling can be enhanced if the grains are preferentially oriented
[1,6]. Hence, it is very important in piezoceramics to investigate
the orientation distribution of domains in order to understand and
improve factors inﬂuencing reliability and performance.
Polarized Raman spectroscopy (PRS) has been extensively used
to detect texture in crystalline solids and polymers [7–11]. Com-
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pared to other methods such as X-ray diffraction [12,13] and
electron back-scattered diffraction [14], PRS has the advantage
of achieving micrometre spatial resolution with laboratory-scale
equipment, requiring very little sample preparation. In the PRS
analysis, the intensity of selected Raman modes varies sinusoidally
in dependence of the angle between laser polarization and the
sample preferential orientation. Hence, information on the local
texture can be obtained [9,10,15–17]. In the past literature, the
reconstruction of a texture orientation distribution function (ODF)
of ferroelectric domains from PRS data has been based on analyti-
cal functions [8,18]. These approaches have the general drawback
of not considering that the domain axis is constrained to the under-
lying grain orientation, which is generally random in ceramics, nor
that the switching capability of domains is restricted by the sym-
metry of the crystalline unit cell.
The maximum theoretically achievable domain orientation
in a uniaxially poled tetragonal ferroelectric polycrystal can be
described analytically by a piecewise function [19] (cf. Fig. 1,
straight line). ThisODFcanbemodelledwithananalytical approach
based on spherical harmonics [8]. Given the assumption of uniaxial
symmetry (valid in poled ferroelectrics), two terms of the series are
sufﬁcient to represent the ODF [8,18]:
ODF() ∝ 1 + 2P2(cos) + 4P4(cos) (1)
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.08.003
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Fig. 1. Texture ODF of ferroelastic domains in a tetragonal saturated poled material
shown as a multiple of a random distribution (MRD). Straight, black line: Saturated
conﬁguration (after Jones [5] and Li [13]); Dot-dashed, grey line: best ﬁt with Spher-
ical Harmonics (Eq. (1); 2 = 2.683 and 4 =−0.4252); dashed, grey line: best ﬁt with
exponential approach (Eq. (2); 2 =−3.42 and 4 = 1.536) , empty circles: best ﬁt
with 2×105 discrete domains, binned in 1◦ intervals.
where  is the polar angle, P2 and P4 are the second and fourth Leg-
endre polynomials, respectively, 2 and 4 are ﬁtting parameters.
This approach is not capable of ﬁtting the saturated curve reported
in Fig. 1 (cf. grey dot-dashed line). In particular, negative values of
the ODF are obtained close to the axis perpendicular to poling. In
an attempt to avoid this unphysical issue, an exponential function
was proposed [18]:
ODF() ∝ exp{−[2P2(cos) + 4P4(cos)]} (2)
The curve is shown as a dashed grey line in Fig. 1; clearly, this
approach also overestimates the saturated ODF (i.e. the maximum
achievable orientation in a tetragonal material), thus leading to
unphysical results.
An alternative approach involving discretization of the ODF into
orientation bins can overcome these limitations. In Fig. 1 the black
dots represent a ﬁt performed using a discrete ensemble of 2×105
domains, binned in1◦ interval (analogous to Jones et al. [5]). Clearly,
this approach is the most versatile as it ﬁts perfectly the saturated
ODF andprevents obtaining inconsistencies andunphysical results.
In this work, we used the latter approach for texture representa-
tion and developed a ReverseMonte Carlo (RMC)model to extract a
discrete ODF from the treatment of PRS experimental data. To vali-
date the model, PRS results obtained from three PZT samples with
different domain texture were employed, comparing the results of
RMC with an analytical approach. It is shown that RMC simulation
can provide a physically coherent ODF starting from Raman data,
including the constraints posed by grain orientation and crystal
symmetry, thus allowing a limited number of domain switching
orientations.
Commercial soft PZT samples (with composition close to the
morphotropic phase boundary but within the tetragonal phase
range) were supplied by the company EPCOS OHG (Deutschlands-
berg, Austria). Three bar-shaped specimens (10×4×2.5mm3)
were prepared: (i) unpoled, (ii) poled, and (iii) mechanically
compressed, to produce different domain conﬁgurations. Further
details on sample preparation are given elsewhere [20]. Poling
was performed longitudinally with an electric ﬁeld of 2 kV/mm.
Mechanically compressedsampleswere initiallypoled, thenheated
up to 400 ◦C (above the Curie temperature, Tc) and lastly mechan-
ically loaded up to 25MPa on the longitudinal axis, holding the
compressive load during cooling down to room temperature.
The macroscopic textured state of the three samples was qual-
itatively assessed calculating the crack growth resistance (CGR),
which in ferroelastic materials correlates with the underlying
domain texture [20,21], along relevant directions in the sample
coordinate system. A series of Vickers indentations was introduced
in the samples, the indent corners being oriented parallel or per-
Table 1
Crack length and CGR in differently prepared samples.
Sample aII /(m) a⊥/(m) K II
R
/(MPa m1/2) K⊥
R
/(MPa m1/2)
unpoled 192 ± 3 194±2 1.15±0.03 1.13±0.02
poled 159 ± 4 272±5 1.52±0.06 0.68±0.02
compressed 243 ± 5 133±8 0.81±0.02 2.08±0.08
pendicular with respect to the longitudinal axis, respectively. From
the lengths of the corresponding indentation cracks in parallel (aII)
and perpendicular (a⊥) direction, the CGR was evaluated (K IIR and
K⊥R , respectively) according to the method described in [20,22,23]
(cf. Table 1). In unpoled samples, the CGR is isotropic in both direc-
tions. In poled and compressed samples, due to ferroelastic domain
switching, it is anisotropic and dependent on the preferential tex-
ture direction (i.e. higher CGR parallel to texture main axis). These
results conﬁrm the presence of a macroscopic ferroelectric domain
texture both in poled and in compressed samples.
PRS experiments were performed using a LabRam HR-800
(Horiba/Jobin-Yvon, Villeneuve d’Ascq, France)with 514.5nm laser
excitation, focused on the sample’s surface via a 100x long-working
distance microscope lens (Olympus, Tokyo, Japan). Further details
on theexperimental settingsof theRamanequipmentaredescribed
in Ref. [11]. Texture measurements were performed with a rotat-
ing microscope stage, collecting spectra from 0◦ to 180◦ every 10◦
Fig. 2. (a) Polarization settings used for Raman experiment and RMC model. Euler
angles (,  and ) describe sequential rotation (intrinsic y-convention: z, y’, z”)
between the sample coordinate system (X, Y, Z) and the crystallite coordinate sys-
tem (x, y, z). Three Raman observation directions are displayed, each one with the
incident/scattered polarization direction indicated for (straight arrow). Since only
illumination along the X direction was used in the present work, the other two
directions are represented with faded colour. The Z-axis (longitudinal axis) is the
rotational axis of the samples’ texture. (b) Angular dependent, normalized Raman
intensities for the investigated samples, measured on the YZ-plane; the standard
deviation is basedon twomeasurements. The solid lines report theﬁttingperformed
with the RMC model.
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of rotation. The angle  between laser polarization and sample
orientation was varied (cf. Fig. 2a). On each sample, two points
were measured on the YZ plane (with X as direction of obser-
vation). Raman spectra were normalized and then imported into
a commercial software environment (Labspec 4.02, Horiba/Jobin-
Yvon). Deconvolution was performed with Gaussian–Lorentzian
peak functions after subtracting a linear baseline. The angular
dependence of the parallel polarized intensity of the Raman mode
of A1 symmetry at ∼220 cm−1 [16] was extracted, averaged and
normalized (Fig. 2b, cf. the measured points). The unpoled sample
shows no intensity angular dependence, whereas the poled and
the compressed ones display sinusoidal intensity dependence with
180◦ periodicity, the phase being shifted by 90◦. This preliminary
ﬁnding suggests no texture in the unpoled sample, and the pres-
ence of texture (with preferential orientation shifted by 90◦) in the
other ones, in agreement with the CGR results.
The texture ODF was determined by ﬁtting the angular depend-
ent data from Fig. 2b using an RMC approach [24,25]. Within this
model, the orientation of a domain is represented by its principal
axis system, a set of three orthogonal vectors (triad). The z-axis
determines the polarization vector of the corresponding domain.
Euler angles (i.e. ,  and ) are used to describe the orientation of
each triadwith respect to the sample coordinate system (cf. Fig. 2a).
For a given distribution based on n triads, the calculated polarized
Raman intensity
(
Ijsim
)
of a given Ramanmode can bewrittenwith
respect to the rotation angle , assuming parallel polarization and
backscattering conﬁguration [15]:
Ijsim (˛) ∝
n∑
k
|ejs (˛)rotk e
j
i (˛) |
2
(3)
where ej
i
= ejs represent the incident and the scattered polarization
vector, respectively; j indicates the propagation direction of the
laser beam with respect to the sample coordinate system (cf. Fig.
2a) and rot
k
is the Raman tensor of the selected mode for each triad
represented in the sample’s coordinate system. For an A1 mode in
the tetragonal (4mm) symmetry, the Raman tensor in its principal
axes is:
 =
⎛
⎝ a 0 00 a 0
0 0 b
⎞
⎠ (4)
In PZT, the ratio ba = −2.15 according to Raman measurements on
quasi-single-crystalline samples [26]. For each triad, the orienta-
tion of the Raman tensor with respect to the laboratory system has
tobeexpressedwitha secondorder tensor transformation [27].Due
to the rotational symmetry of the Raman tensor in Eq. (4), there is
no dependence on .
To account for the effects of the numerical aperture (NA) of the
microscope objective and the refractive index of the sample (nS ≈
2.7 for PZT for the used radiationwavelength [28]), amore accurate
version of Eq. (3) was used here [17]:
Ijsim (˛) =
n∑
k
∫ 2
0
∫ m
0
|
(
T (ϑ,) eji (˛)
)
rotk e
j
s (˛) |
2
sinddϑ
(5)
where T is the “microscope-objective transfer matrix” [17], and
m is half the aperture angle of the radiation cone probing the
sample
(
i.e. sinm = NAnS
)
. For normalization purposes we used
Iˆjsim (˛) =
Ijsim (˛)∫ 180◦
0◦ I
j
sim (˛)d˛
(6)
The RMC ﬁtting procedure starts with randomly oriented triads.
Stepwise, the z-axis (i.e. the polar axis) of a randomly accessed triad
is reoriented randomly by 90◦ or 180◦ steps, which yields in total
six possible orientations per triad.1 Note: the change of x, y axes
is not tracked since they have no impact on the Raman signal (due
to the cylindrical symmetry of the Raman tensor). This constraint
on the possible reorientations is posed by the tetragonal symme-
try, and has the consequence that only a few new orientations are
possible with respect to the original position of each triad. This
mimics the constraint derived from the (random) grain orienta-
tion and from unit cell symmetry, which guarantees a physically
coherent distribution.
After the switching of one triad, a new normalized angular
dependent Raman intensity Iˆjsim (from Eqs. (5), (6)) is calculated
and compared to the measured results, using a standard 2 test
[25]:
2 =
∑
j
∑
˛i
(
Iˆjmeas (˛i) − Iˆjsim (˛i)
)2
(
	ˆjmeas (˛i)
)2 (7)
where ˛i is the set of the investigated rotation angles, and 	ˆ
j
meas
is the experimental error (cf. Fig. 2b). Since the relationship
between the ODF and the angular dependent Raman intensity is
not unambiguous if collected in only one direction, three ortho-
gonal directions (i.e. j =
{
X, Y, Z
}
cf. Fig. 2a) have to be evaluated.
Consequently, measured data from appropriate directions have to
be provided (see Eq. (7)). Since electrical poling and mechanical
compression were performed along the longitudinal axis of the
samples, cylindrical rotational symmetryof thedomain texturewas
assumed here (cf. Fig. 2a), leading to a  -independent distribution.
Hence, measurements on only one side of the sample and suitable
assumptions for the other two directions are sufﬁcient. The present
measurements were performed in the X-direction, and the data
for the Y-direction were taken as IˆYmeas = IˆXmeas and 	ˆYmeas = 	ˆXmeas.
Data in the Z-direction were set to a constant value, leading after
normalization to IˆZmeas = 1 and 	ˆZmeas = 0.01 (lower bound of the
experimental standard deviation). If 2 decreases with respect to
the previous step, the new orientation vector is accepted instantly,
otherwise it is accepted with a certain probability according to the
Metropolis–Hastings algorithm [29]:
p = exp(−
2 × n

) (8)
where
2 is the deviation of2 for the last two consecutive steps,
and  is the “model temperature”, which is set here to  = 10. The
procedure is repeated selecting a new triad at each step. The opti-
mization routine was performed with a set of n = 10000 triads2
and stopped after 2 reached a stable minimum. The ﬁnal best ﬁt
curve is represented in Fig. 2b (solid curve), for all investigated sam-
ples. From the ﬁnal set of polarization vectors, the texture ODF was
derived.
In order to validate the ﬁtting procedure with the RMC model,
experimental PRSdatawere alsoﬁttedwith the analytical approach
according to Eq. (2) [18], applying the same considerations to the
Raman tensor and the numerical aperture. As evident in Fig. 3, the
1 Due to the diagonal form of the Raman tensor, the inversion of the polar axis of a
triadhasno inﬂuenceon theRaman signal. Hence, effectively only three orientations
out of six are distinguishable.
2 Considering the grain size of the present ceramic (1. 5m [20]), the domain
width can be estimated as 41nm [30]. The penetration depth of the used laser in
PZT is 15. 3m (97% of the intensity signal)—as measured by preliminary defo-
cusing experiments. This gives an estimate of ∼9500 domains included within the
measured Raman probe.
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Fig. 3. ODF of the ferroelastic domains of the three investigated samples: (a) unpoled, (b) poled and (c) mechanical compressed. Each plot shows: ODF obtained from RMC
ﬁt (empty circles); ODF obtained from analytical ﬁt with Eq. (2) (dashed grey line); ideal ODF of a saturated tetragonal domain conﬁguration [19] (black line).
RMC ﬁtting yields nearly the same ODF results as the analytical
approach from the past literature [18] (cf. open circles and dashed
grey line, respectively), with one notable exception: In the poled
sample close to the poling axis, the analytically ﬁtted ODF yields
higher values than the RMC ﬁt. Since the analytical approach used
here has only two parameters, it is not possible to trace every pos-
sible distribution perfectly (as already proved in Fig. 1). The overall
trend is then dominated by contributions from polar angles closer
to 90◦. This causes an overestimation of the domain distribution at
angles close to the poling direction, an artefact that may be cor-
rected by increasing the number of terms in Eq. (2), at the expense
of increasing the complexity of calculation. Hence, the RMC model
proposed here is a valid alternative to reproduce artefact-free and
physically coherent ODFs from Raman data without signiﬁcantly
increasing computational complexity.
Comparing the measured and ﬁtted data to the maximum
theoreticalODFof each conﬁguration [19] (i.e. unpoled, poled, com-
pressed), it can be seen that the saturated state is not reached in
the poled or in the compressed sample (cf. Fig. 3b–c). This is due
to the fact that the Raman measurements were performed ex-situ
in absence of applied electric ﬁeld or mechanical load. Hence, only
remanent and not saturated states were probed. The amount of
non-permanently retained domains upon removal of electric ﬁeld
or mechanical load (i.e. back-switched domains) is around 20% for
the poled material and up to 50% for the compressed one.
In summary, PRS measurements were conducted on differently
textured PZT ceramics. By employing an RMCmodel to ﬁt the angu-
lar dependent PRS data, the strain texture of each sample was
obtained, and proved being in a good agreement with qualitative
texture-related CGR measurements. The model was validated by
comparing it with ﬁtting performed by analytical functions, and it
was proven that the RMC model can provide artefact-free results.
Quantitative discrepancies to the maximum theoretical ODF for
the poled and the compressed samples were mainly attributed to
domain back-switching. The method detailed here can be applied
to any kind of Raman-activematerial, provided that the Raman ten-
sor parameters of (quasi-) single crystalline samples are available.
The versatility of theRMCmodel opensnewpossibilities for texture
studies by PRS.
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